Introduction
Ruthenium complexes are attracting increasing interest because of their biological activities, which make them suitable candidates for biomedical applications. As reported recently by us, the rationale for studies on fac-{Ru II (CO) 3 } 2+ core complexes of azoles is specifically based on the following: (i) the anticancer activity of this class of complexes; (ii) the activity as CO-releasing materials (CORMs) (Motterlini et al., 1 Santos-Silva et al., 2 Tamasi et al. 3 
and references therein). fac-
[Ru II (CO) 3 Cl 2 (THZ)] (THZ = thiazole) was first prepared, studied and reported by some of us, 4 and proved to be an interesting CORM able to react with amyloid molecules. 5 (iii) Benzimidazoles (Scheme 1) have singular biological roles that can be exemplified by the presence of 5,6-dimethylbenzimidazole, DMBI, in cyanocobalamin, methylcobalamin, and other forms of the B12 cofactor where the base acts as a ligand to the cobalt center; these molecules are important for preventing or treating pernicious anemia, peripheral neuropathies, and diabetic neuropathies. [6] [7] [8] [9] Furthermore, benzimidazole is used as a fungicide, e.g., against eyespot in wheat and in sclerotinia of oilseed rape. 10, 11 (iv) Finally, benzimidazole molecules are reminiscent of indazole -a ligand that proved to be suitable for ruthenium complexes that are active against cancer cells both in vitro and in vivo. Thus, the compounds combine features of different classes of ruthenium compounds with well-studied biological activities: [Ru III (azole) 2 (m, sh), 1283 (m, sh), 760 (m, sh), 663 (w, sh), 635 (w, wh), 563 (w, sh), 511 (w, sh), 455 (w, sh). The colorless powder of 2 was also subjected to re-crystallization and crystal growth procedures. Colorless crystals that formed from chloroform appeared suitable for XRD under the polarizing microscope, and one of them was used for data collection in order to get the determination of cell constants. The constants turned out to be the same as those found from the crystal obtained from methanol, within the estimated standard deviations. fac-[Ru II (CO) 3 Cl 2 (N̲ 3 -DMBI)], 4. Hundred milligrams (0.20 mmol) of a fine powder of fac-[Ru(CO) 3 Cl 2 ] 2 , 1, CORM-2, were added to 4 mL of anhydrous ethanol. The suspension was kept under stirring at 25°C up to the complete dissolution of the starting complex. Then 58 mg DMBI (0.40 mmol) were added to the clear solution. Subsequently, the suspension was heated up to 55°C under stirring and kept in the dark for 2 h. Then the solution was concentrated via flushing ultrapure nitrogen in order to reduce the solvent volume. Finally, the flask was stored in the refrigerator at 5°C. A colorless crystalline precipitate formed, which was filtered off and then rinsed twice with 1 mL each of cold methanol. Yield, 39%, 62 mg. C 12 (CH 3 -C6) , singlet, 3H). Colorless single crystals suitable for XRD studies also formed directly from the mother solutions stored in the refrigerator. They were collected after filtration and rinsing, by using steel needles.
Spectroscopy
IR. The spectra for solid samples were obtained from KBr pellet matrixes, whereas those for liquid samples (methanol) were recorded from layers contained between CsI crystals. The measurements were carried out by using a Perkin-Elmer Spectrum BX instrument equipped with the Spectrum 3.02 software. Spectra were also recorded via the attenuated total reflectance ATR-FT technique by using an Agilent Cary 630 machine equipped with the Software MicroLab and Resolution Pro packages, both implemented on a Pentium IV personal computer operating under the XP Microsoft system. UV-Vis. The spectra were recorded at 25°C by using 1 cm path length quartz cuvettes with the Perkin-Elmer Model EZ 201 instrument equipped with the PESSW 1.2/Rev E software, and with a Perkin-Elmer Lambda 10 spectrophotometer equipped with the UV-WinLab (version 2.85) software.
NMR. Instruments, materials and methods for routine measurements in CDCl 3 were as reported in ref. 3 . Investigations on the stability of 2 and 4 in DMSO-D 6 and in DMF-D 7 were performed by using the Bruker Avance III 500 MHz spectrometer at the Institute of Inorganic Chemistry, University of Vienna.
X-ray crystallography
Selected crystallographic parameters are reported in Table 1 were collected with an Xcalibur™-S-Oxford diffraction instrument equipped with CrysAlis PRO software. The machine was equipped with a Kappa geometry goniometer, a CCD EOS 92 mm detector, a graphite crystal monochromator and an Enhance™ X-ray source. The temperature for crystal data determinations and collections of full data sets was 293 ± 2 K, and the radiation was λ = 0.71073 Å for all the compounds. The crystals of 2 and 4 were colorless and needle and parallelepiped shaped with dimensions of 0.40 × 0.05 × 0.05 mm and 0.30 × 0.02 × 0.02 mm, respectively. The crystal of 3 was pink and parallelepiped shaped with dimensions of 0.30 × 0.20 × 0.10 mm. The structures were solved through direct methods implemented in SHELXS-86/97 25, 26 and the refinements were carried out by using the standard least-squares methods of SHELXL-97. 27 On refinement of the structure of 3 the benzo ring B was restrained to an idealized hexagon where C-C distances were fixed at 1.390 Å through the AFIX option of SHELXL-97. In all the structural analysis, the non-hydrogen atoms were treated as anisotropic, whereas the hydrogen atoms were treated as isotropic and let free to ride on the atoms to which they are linked. The thermal parameters for hydrogen atoms were fixed at 1.2 or 1.5 times the U eq. value for the atoms to which they are attached. The analyses of geometrical parameters and molecular graphics were performed by using PARST, 28 ORTEP-32, 29 and Mercury. 30 SHELXS/L, PARST and ORTEP software subroutines were implemented in the WinGX package. 31 All the software packages resided in Pentium IV machines.
Dalton Transactions Paper
This journal is © The Royal Society of Chemistry 2017 compute the structures of the complexes were B3LYP/ (Lanl2DZ,ClRu;6-31G,CHNO), BS1; B3LYP/(Lanl2DZ,Ru;6-31G**,CHClNO), BS2, and B3LYP/(Lanl2DZ,Ru;6-311++G**, CHClNO), BS3 levels of theory 39 and the structure optimization was continued up to the threshold values implemented in Gaussian 09 38 (maximum force 0.000450 mdyn, root-meansquare (rms) force 0.000300 mdyn, maximum displacement 0.001800 Å, rms displacement 0.001200 Å). The analysis of the Hessian showed no negative frequency for the selected optimized structures. Molecular drawings were obtained with the package GaussView03. 40 Semiempirical. The strategies and software packages were as those reported previously. 4 The computations were limited to obtaining the molecular orbitals (mo) and plotting them.
Spectrophotometric studies on Ru II complexes and protein systems
To assess the compound stability and interactions with proteins, spectrophotometric studies were performed by using a Varian Cary 50 Bio UV-Vis spectrophotometer. Small amounts of freshly prepared concentrated solutions of the individual compounds in DMSO were diluted in phosphate buffer (PB, 10 mM phosphate without NaCl and KCl, pH 7.4). The concentration of each compound in the final sample was 3 × 10 −5 M. The resulting solutions were monitored by a collection of the electronic spectra for 72 h at room temperature. Similar spectrophotometric studies were conducted in the presence of three selected model proteins, i.e., HEWL, Cyt c, and RNase A. Electronic spectra of the compounds at 3 × 10
M were recorded before and after the addition of each model protein at a stoichiometric ratio of 3 : 1 (metal to protein) for 72 h at room temperature in 10 mM phosphate buffer, pH 7.4.
Preparation of the metallo-drug-protein samples and ESI-MS studies
Metal complex-protein adducts were prepared starting from a solution of each model protein at a concentration of 10 −4 M in 20 mM ammonium acetate buffer, pH 7.4. Then, the ruthenium complex was added (3 : 1 metal-to-protein ratio) to the solution and the mixture was incubated at 37°C for 72 h, by using a Thermoblock (Falc, TD15093). After a 20-fold dilution with water, ESI-MS spectra were recorded by direct introduction of the sample at a flow rate of 5 μL min −1 into an Orbitrap high-resolution mass spectrometer (Thermo Scientific, San Jose, CA, USA) equipped with a conventional ESI source. The working conditions were as follows: spray voltage 3.1 kV, capillary voltage 45 V, and capillary temperature 220°C. The sheath and the auxiliary gasses were set at 17 (arbitrary units) and 1 (arbitrary unit), respectively. For acquisition, Xcalibur 2.0 (Thermo Scientific) was used and monoisotopic and average deconvoluted masses were obtained by using the integrated Xtract tool. For spectrum acquisition, a nominal resolution (at m/z 400) of 100 000 was used. heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, 4 mM L-glutamine, and a 1% nonessential amino acid solution (all purchased from Sigma-Aldrich Austria). The murine colon cancer cell line CT-26 (from ATCC) was grown in DMEM/ F12 medium (Sigma-Aldrich) supplemented with 10% heatinactivated fetal bovine serum. Cell cultures were incubated at 37°C under a moist atmosphere containing 5% CO 2 in air.
Cytotoxicity tests
Cytotoxicity was determined by the colorimetric MTT assay for 4 h, medium/MTT mixtures were removed, and the produced formazan crystals were dissolved in 150 μL DMSO per well. Optical densities at 550 nm were measured spectrophotometrically (ELx808 Absorbance Microplate Reader, Bio-Tek, Winooski, VT, USA) by using a reference wavelength of 690 nm to correct for unspecific absorption. 50% inhibitory concentrations (IC 50 ) were calculated from concentration-effect curves by interpolation, based on at least three independent experiments, each comprising triplicates per concentration level.
Animal experiments
All animal experiments were approved by the local ethics commission and carried out according to the Austrian and FELASA guidelines for animal care and protection. Six-to eight-weekold female Balb/c mice (weighing ∼20 g) were purchased from Harlan Laboratories, San Pietro al Natisone, Italy. The animals were kept in a pathogen-free environment, and every procedure was done in a laminar airflow cabinet. Murine CT-26 cells 20% propylene glycol, with the exception of CORM-3 which was dissolved in water) on days 4, 5, 7, 8, 11, 12, 14 and 15. The animals were controlled for distress development every day, and the tumor size was assessed regularly by caliper measurement. The tumor volume was calculated using the formula: length × width 2 /2. Fig. 1 and 2 , respectively, whereas selected bond distances and angles are listed in Table 2 (and Table S2 †). The coordination arrangement is similar to that previously described for analogous THZ derivatives. 3, 4 It has to be noticed that the orientation of the MBI and DMBI planes with respect to the equatorial cis-{Ru II (CO) 2 Cl 2 } plane around the Ru-N vector can be described as type-A (Scheme 3). Thus, the projection of the MBI and DMBI planes is almost bisecting the Cl-Ru-Cl and OC-Ru-CO bond angles. Therefore, this arrangement is different with respect to that found for IM and MIM derivatives. 3 The N3A-C2A and N3A-C9A bond distances did not change significantly upon the ligation to the metal (from 1.315 (8) 42 to 1.320(3) Å, and from 1.390 (7) 42 to 1.396(3) Å, respectively, for MBI, 2). The corresponding parameters for 4 are 1.324(4) and 1.335(4) Å. The Ru-N3A-C2A and Ru-N3A-C9A bond angles are 124.0(2) and 130.0(2)°(2) and 123.4(2) and 131.1(2)°(4), in agreement with a hindrance by the benzo ring and the equatorial plane and data for IM and MIM derivatives. 3 The bond parameters for 4 agree well with those relevant to the structure for 5,6-dimethyl-l-(α-D-ribofuranosyl)benzimidazole, the analogous benzimidazole that is present in vitamin B12.
Results and discussion
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The Ru-Cl bond distances average 2.407(1) Å and are in agreement with the values from 2 and 3 and similar structures. 3 It is worth noting that C2A-N3A-C9A for 4 is 105. Hydrogen bond-type interactions (HBTIs) and stacking interactions. Selected HBTIs, and the analysis of selected planes and stacking interactions (also related to DNA double helix stacking interactions) for 2, 3 and 4 are listed in the ESI (see ref. 45 and Fig. S1 and S2, and are reported in Fig. 3 and S3, S4, † respectively, whereas the selected bond distances and bond angles are listed in Table 2 (and Table S2 †). The coordination arrangement is pseudo octahedral, and the Ru(II) ion is linked to two CO ligands (cis to each other), to two chlorido ligands (trans to each other) and to two N3 atoms from the two MBI ligands. It is noteworthy that the two MBI ligands have the head-to-head (HH) disposition (Scheme 4). In other words, the two C2-H2 vectors point toward the same side of the plane defined by the two C donors and the two N donors. Notably, this arrangement type is related to cis-PtA 2 (A, amine ligand) residues linked to two guanine residues of DNA. 46 As shown in Fig. 3 , the arrangement for the two MBI ligands in the solid state belongs to the HH-L conformer (HH-R also present owing to the symmetry operation). The HH arrangement for two cis purine-like ligands has a scarce frequency at least for a cis-Pt II A 2 ( purine) 2 planar species. It could be interesting and innovative to see if octahedral cis{Ru II (CO) 2 }-core entities are able to interact with intra-strand and cis-( purine-like) residues in model complexes and DNA fragments.
The endo-cyclic atoms of the two benzimidazole systems define two good least-squares planes, the dihedral angle between them being 58.4(5)°. The canting angles between the plane defined by the two C donors and the two N donors are 42.0(3)°and 47.0(6)°for A and B MBI ligands, respectively. The C4B-H4B vector points towards the C9A atom H4B⋯C9A 3.30(3) Å, Ĥ4B 131(1)°and that is reminiscent of a hydrogen bond type interaction (HBTI) or of a C-H⋯π interaction. 47 The
Ru-N3B line and the plane defined by heavy endo-cyclic atoms of the MBI-B are tilted by ca. 5(1)°, and the benzo ring points towards the MBI-A system, confirming an attractive interaction between the two MBI systems. Inter-molecular stacking interactions are represented in Fig. S5 . † Spectroscopy IR. Infrared spectroscopy was used in order to investigate the spectra of the starting complexes 1 and 2 in the solid state, in anhydrous alcoholic and in hydro-alcoholic solutions to assess their stability/reactivity, as well as to investigate the spectra for 3 and 4 in the solid state. The spectrum for 1 is in agreement with that reported by Johnson et al. 48 and absorp- 49) . The data for studies in hydroalcoholic solutions of 1 and 2 (and even in the presence of sodium hydroxide) are in agreement with those reported previously by others for fac-Ru II (CO) 3 core complexes, 50 and with the reaction sequence:
(where L may be H 2 O) that brings about the Ru(CO) 2 species and release of carbon dioxide. However, owing to the scarce solubility of 2, the peaks for hydroalcoholic solutions of the complex, even after the addition of NaOH, are not well defined, and the evolution of CO could be inferred just from similarity with literature 50 data and from X-ray data of the 2 + HEWL protein adduct (below). The effect of DMSO addition on the aqueous solutions of 1 and 2 was also investigated via infrared spectroscopy (see ESI, Fig. S10 and S11 †). Both complexes possibly brought about a mixture of species that within 1. Fig. S15 and S16 †) . After dissolution, the derivatives showed a dissociation of the azoles. A significant replacement (larger than 50%) required not less than 4 h and 24 h for 2 and 4, respectively. It is reasonable to assume that the full dissociation in a solution obtained from freshly prepared DMSO + water/aqueous buffer takes longer. This dissociation effect has to be compared to the dissociations of other Ru complexes reported by other authors. 53 Similarly, the spectra recorded in DMF-D 7 revealed that the MBI and DMBI derivatives show different stabilities (Fig. S17 and S18 †). As regards 2, the peak patterns in the aromatic proton region 7.5-9.0 ppm did not change appreciably within 16.5 h from the dissolution of the complex in DMF-D 7 .
Instead, the peak pattern for 4 in the aromatic proton region 7.0-14.0 ppm showed the occurrence of new peaks attributable to the dissociation of ligands already after 2.5 h from the dissolution of the complex. After 17.5 h from dissolution, the decomposition of the original complex could be estimated as ca. 10-15%. The faster sensitivity of 4 compared to 2 could be tentatively explained with the presence of a polar N-H function in 4, which in 2 is replaced by a non-polar N-CH 3 group.
High performance liquid chromatography (HPLC)
The chromatograms for 2, 3 and 4 are depicted in Fig. S19 . † They were obtained by injecting an aliquot of 20 μL of solutions of the respective compounds (0.5 mg mL −1 ) in CH 3 CN and then eluting with the same solvent. The UV detector was set to 250 nm. The retention times were 3.48 (2), 3.61 (3) and 3.65 (4) min, respectively, for a C18-A 5μ HPLC column (Varian Polaris, 250 × 4.6 mm) at a flux of 0.75 mL min −1 . The chromatograms for 2 and 4 revealed very high purity for the complexes; only the chromatogram for 3 showed some negligible impurities.
DFT and semi-empirical computations
Details of results from DFT (BS1, BS2, BS3 levels of theory) and semiempirical (ZINDO1) calculations are presented in the ESI (Table S5 † 6 Cl 4 ] was also preliminarily investigated regarding the reactivity with a water molecule and with a hydroxide anion in the gas phase. On optimizing an adduct that consisted of [Ru II 2 (CO) 6 Cl 4 ]⋯H 2 O (where the water molecule was set arbitrarily in a position so as to donate a hydrogen to a terminal chlorido and to donate a second hydrogen to a bridging chlorido ligand), the adduct went to full convergence as represented in Fig. 4a .
The effect on structural parameters of the dimer is small but in agreement with a breakage of the dimer, bringing about a free chloride and a fac-{*Ru II (CO) 3 
Solution behavior
Before studying the interactions with proteins, the solution behavior of these ruthenium complexes was monitored under well-controlled experimental conditions. UV-Vis absorption spectroscopy was chosen as the reference method to monitor continuously the behavior of the studied compounds under physiological-like conditions (10 mM phosphate buffer, pH 7.4). The UV-Vis spectrum of a freshly prepared solution of 2 showed four peaks at 253.0, 265.5, 271.0 and 279.5 nm (Fig. 6A) , while for compound 4 an absorption spectrum with maxima at 280 and 286 nm was detected (Fig. 6B) . Overall, both compounds manifested an appreciable stability when monitored for 72 h at room temperature, as documented by the substantial invariance of their absorption spectra.
Reactions with model proteins
The interactions of 2 and 4 with the three model proteins (HEWL, RNase A and Cyt c) were subsequently explored by UV-Vis spectrophotometric analysis ( Fig. 7 and S22, † respectively), according to previously reported procedures. 54 Both compounds showed a similar behavior upon interaction with the selected model proteins. Fig. 7 shows the time-course UV-Vis spectra of 2 after the addition of HEWL, RNase A or Cyt c over 72 h. It is apparent that the addition of the protein does not affect the behavior of the ruthenium compound. However, in the case of Cyt c (Fig. 7) , the absorption spectra are dominated by the intense visible bands associated with the heme group of Cyt c. It is well known that Cyt c, in its oxidized form, exhibits an intense Soret band at approximately 405 nm and weaker Q bands in the 500-560 nm region. 55 The analysis of the temporal evolution of the spectra revealed progressive changes of the characteristic Cyt c features. In particular, the progressive appearance, with time, of Q bands typical of reduced Cyt c was noticed, indicative of the occurrence of partial reduction at the heme iron center. These spectral changes are specifically induced by the addition of the ruthenium complex under study; such a behavior is in agreement with literature data concerning the well-known ruthenium complex NAMI-A. 56 It is hypothesized that Cyt c reduction is the consequence of ruthenium binding to a specific protein site, capable of modulating the redox properties of the heme center. 56 
ESI-MS of metallo-drug-protein samples
ESI-MS is a very powerful tool to characterize metallo-drugprotein interactions at the molecular level. 57 In fact, ESI-MS analysis of the samples allowed the identification and characterization of metal-protein adducts. In particular, ESI-MS measurements permitted determining the nature of proteinbound metallic fragments and their binding stoichiometry, providing indirect mechanistic insight into the metalation processes as reported in the literature. 57 Fig . 8 and S23 † report the ESI-MS spectra of 2 and 4, respectively, interacting with HEWL (A), RNase A (B) and Cyt c (C). It is evident that, in all cases, the ruthenium compounds are prone to losing their heterocyclic ligands as well as the two chlorides bonded to Ru(II). The two compounds roughly manifested a similar reactivity with the three model proteins. However, somewhat different situations were encountered depending on the nature of the protein. For this reason, the various cases will be illustrated separately. Interaction with HEWL. Compounds 2 and 4 lead to four main adducts upon reacting with HEWL ( Fig. 8A and S23A † not detected for these compounds. Interaction with RNase A. Fig. 8B shows the formation of multiple adducts when compound 2 interacts with RNase A. Specifically, peaks assigned to ruthenium fragments containing one (m/z 13 810. (Fig. 8C and S23C †) . The main adducts are formed between the model protein and the {Ru II (CO)} 2+ and {Ru II (CO) 2 } 2+ fragments, respectively, corresponding to the peaks at m/z 12 486.2 and m/z 12 514.2, and the analogs coordinated to one molecule of DMSO (m/z 12 564.2 and 12 593.4, respectively). In the case of the interaction with Cyt c, the main difference in the behavior between the present compounds and similar compounds reported in the literature 3 is that the heterocyclic moiety is never retained, implying that the reactivity of the present compounds is slightly different.
Visible spectra do not offer evidence for iron(III) reduction upon interaction with Ru(II) compounds; this suggests that the redox chemistry of the type earlier described by Gray and coworkers does not occur in this case. Fig. 9 ) is very similar to that of the native protein: the secondary and tertiary structures are virtually identical. The root mean square deviation of the carbon alpha atom of the protein complexed with Ru(II) when compared to the native enzyme in the starting model is 0.22 Å. The binding of the Ru moiety to HEWL was investigated by inspection of difference Fourier analysis. In particular, both residual Fo-Fc ( Fig. 10 ) and anomalous electron density maps (Fig. 9) were inspected. A large positive peak was easily identified close to the side chain of His15. This represents a very favorable site center is covalently bound to the HEWL His15 side chain. Ru adopts the usual octahedral geometry. The 2Fo-Fc electron density map is contoured at 1.0σ (grey) and 4.0σ (red). Electron density associated with the CO ligand can be described as a tube extending from the metal for about 4 Å. This electron density has been interpreted as due to two alternative conformations of the CO ligand: in the former, CO is bound to Ru, whereas in the latter the OC-Ru bond is photodissociated.
for Ru complexes, since it was already observed in the adducts formed in the reaction between other Ru compounds and HEWL. 2, [60] [61] [62] The Ru fragment binds close to the His15 side chain adopting the usual octahedral geometry. The distance of the imidazole N atom (ND1) of His15 from the Ru center is 2.3 Å. The coordination sphere of Ru is completed by one Cl − ion, two CO ligands, and two aqua ligands (Fig. 10) . The Cl − ligand forms a strong hydrogen bond with the side chain of Arg14. The two aqua ligands interact with the side chain of Asp87 and with a free water molecule, respectively. The oxygen atom of the CO ligand on the equatorial plane is hydrogen bonded to the N atom of Ile88, whereas the oxygen atom of the CO ligand trans to the imidazole of His15 is bound to a water molecule that in turn is in contact with a coordination residue of a symmetry related molecule. These data unambiguously indicate that the heterocyclic MBI ligand and one CO molecule are lost upon interaction of the Ru compound with the protein, in good agreement with expectations on the basis of mass spectrometry data. Interestingly, a deeper inspection of the electron density map around the Ru center allows the modelling of two discrete positions of the CO ligand trans to the His15 side chain. One is close to the Ru center and can be described as a CO ligand bound to Ru. In the second, the CO is dissociated from the Ru center. This result could indicate a partial photolysis of the OC-Ru bond, with a metastable transient form that is trapped in the crystal state. In this respect, it is useful to recall that X-ray radiation can be able to photodissociate small ligands such as CO 63 and NO 64 from metal centers (like Fe) and that transient metastable forms of photodissociated ligand have been already observed previously.
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Cytotoxicity in cancer cell lines
The capacity of inhibiting tumor cell growth was assessed by means of the MTT assay in three human cancer cell lines, i.e., CH1/PA-1 (ovarian teratocarcinoma), SW480 (colon carcinoma) and A549 (non-small cell lung carcinoma). IC 50 values of 2 and 4 are almost identical and in a range well comparable with the clinically studied anticancer ruthenium compound indazolium trans-[tetrachloridobis(1H-indazole)ruthenate(III)] (KP1019; Table 4) . 65 Still, it should be borne in mind that, in contrast to KP1019, the compounds reported here do not require activation by reduction, as they already contain ruthenium in the oxidation state (+2), which tends to be more reactive. In contrast to the imidazole-, N-methylimidazole-and thiazolecontaining analogs reported previously, 3,4 they even show some effects in the multidrug-resistant cell line A549 (Fig. S24 †) , though with a rather low potency (IC 50 values ∼200 µM). In the other two cell lines, IC 50 values are consistently about 2.5-4 times lower than those of the previous analogs. The bigger substituted benzimidazole ligands thus seem favorable for cytotoxicity. However, whether this is due to the higher lipophilicity or another reason remains unclear. Anyway, the higher potency made these two complexes the candidates of choice for evaluation in vivo.
When experiments using different solvents are compared, it becomes evident that the lower stability in DMSO (according to NMR studies) as compared to stock solutions in DMF does not affect the cytotoxicity of the complexes. It should be noted that stocks in organic solvents were diluted in cell culture medium after several minutes and that significant amounts of the non-dissociated complex would persist even after several hours in pure DMSO. The dimeric precursor 1 (not containing any azole ligand) is as active as the other complexes in A549 cells based on molarity, or about half as active when viewed in terms of ruthenium equivalents. Adding MBI or DMBI, which are completely devoid of cytotoxicity in the tested concentration range alone (data not shown), does not change the IC 50 values to a meaningful degree. But in the generally more sensitive cell line SW480, 1 alone is much less active than 2 and 4, and adding MBI or DMBI increases the cytotoxicity to a level comparable to that of the other complexes (Fig. S25 †) .
Since inactive components such as the applied azoles are unlikely to potentiate the activity of a basically active component, this might rather argue for the in situ formation of complex species from the mixtures of 1 and MBI or DMBI.
Anticancer activity against a murine colon cancer model in vivo
As a first step to establish the optimal dose for in vivo tests, toxicity experiments with single-dose treatments were performed. An intraperitoneal application of 10 mg kg −1 led to unconsciousness in animals treated with 2 and 4. Also at 5 mg kg −1 , strong (but transient) drowsiness was observed for all compounds (including CORM-3), consistent with the hypotensive effects known as the main toxicity of the fast CO releaser CORM-3 66 and suggesting a similar behavior for 2 and 4.
Consequently, a dose of 2.5 mg was chosen for the experiment using CT-26 cells in Balb/c mice. Drugs were applied intraperitoneally at days 4, 5, 7, 8, 11, 12, 14 , and 15 (continuous treat- ment for more than 2 days was not performed due to the death of one animal receiving 4 at day 6). Nevertheless, treatment with 4 resulted in a significant delay of tumor growth ( p < 0.05 by two-way ANOVA and Bonferroni post-test in comparison to solvent-or 2-treated animals) (Fig. 11) . This was also reflected by a significantly reduced tumor weight at day 15 ( p < 0.05 by one-way ANOVA and Dunnett post-test; in comparison to solvent-or CORM-3-treated animals). In contrast, 2 did not impact the tumor burden, and CORM-3 even distinctly enhanced the growth of the CT-26 tumors (also reflected by the significantly increased tumor burden; p < 0.01 by one-way ANOVA and Dunnett post-test; in comparison to solvent-or 4-treated animals). A comparison with historic controls, which had been treated with 0.9% NaCl, indicated that the solvent (20% propylene glycol) did not impact the growth of CT-26 tumors (data not shown).
General discussion
Complexes 2 and 4 act as CO-releasing materials (CORMs), which are species of growing interest in biology, pharmacology and medicinal chemistry as revealed by the large amount of research work on the subject; examples of such publications are those listed in ref. [66] [67] [68] [69] [70] . We wish to stress here that 2 and 4 showed noticeable cytotoxic and anticancer activities, especially when compared to chemically related octahedral ruthenium complexes. The IC 50 values in ovarian teratocarcinoma CH1/PA-1 and colon carcinoma SW480 human cell lines in vitro are comparable to or lower than those of analogous compounds. The activity of 2 and 4 was 2.5-4 times higher than those found under the same conditions for imidazole, N-methylimidazole and thiazole analogs reported previously. 3 In in vivo tests, compound 4 delayed significantly the growth of a murine colon cancer model, in contrast to 2, to the solvent and to CORM-3. However, there might be some limitations due to the too fast CO release in the circulation. Consequently, it might be of interest to develop a series of second-generation compounds with increased stability. Regarding the reactivity of 2 and 4 with DMSO (a solvent that was used in certain tests for cytotoxicity and for reactivity with proteins in this work), we wish to emphasize that both complexes are almost not sensitive for time periods of 4 h (2) and ca. a day (4) after dissolution in a pure solvent. It has to be expected that in the case of a lower DMSO content the reactivity is even slower. Notwithstanding this, tests were performed with comparable results even in media that contained a small amount of DMF whose reactivity towards 2 is null, and that towards 4 is low, requiring at least several hours to cause the dissociation of 15-20% of the molecules.
In addition to data published with respect to anticancer activity, it has been recently noticed that CORMs might also have activity against prokaryotic cells. 71 This aspect might also be of interest for the class of complexes presented here. However, the occurrence of drowsiness in vivo might also be a limitation in this respect. Nevertheless, the drugs presented here are among the scarce examples of activated anticancer molecules that contain Ru(II). As such, they do not require the reduction step that is invoked by many workers for speeding the action of Ru(III)-based drugs. Consequently, this work suggests pursuing Ru II -based CORMs as anticancer drugs.
Conclusions
The present work brought about the following: (i) the synthesis of two novel complexes that contain the fac-{Ru II (CO) 3 } 2+ -core and the benzimidazole ligands MBI (2) or DMBI (4); (ii) the starting mixture of fac,trans-[Ru II 2 (CO) 6 Cl 4 ] and MBI in methanol that produced 2 revealed that a CO ligand per metal center was prone to being released, thus head-to-head-cis,trans-[Ru II (CO) 2 Cl 2 (N̲ 3 -MBI) 2 ] (3) was also isolated; (iii) the three complexes 2-4 were characterized via single crystal X-ray diffraction, and two of them (2 and 4) via spectroscopy (IR, UV-Vis, NMR) as well as via density functional computations (DFT/ 6-31G** or DFT/6-311++G** for CHClNO; pseudo-potential Lanl2DZ for Ru); (iv) the complexes 2 and 4 have the cis{Ru II Cl 2 } function and the MBI/DMBI ligand is "trans" to a CO and coordinated to Ru via N̲ 3 -benzimidazole; (v) 2 and 4 are mild CO-releasing molecules (CORM) in aqueous systems in which they have small but biologically significant solubility; (vi) 2 and 4 are also MBI-or DMBI-releasing molecules in aqueous systems; (vii) 2 and 4 showed moderate cytotoxicity in three human cancer cell lines in vitro in the range of the clinically studied ruthenium complex KP1019. In contrast to 2 and CORM-3, 4 showed anticancer activity in vivo by significantly decreasing the tumor growth of a murine CT-26 colon cancer model; (viii) ESI-MS studies revealed the ability of 2 and 4 to bind strongly a few model proteins such as HEWL, RNase A and Cyt c, with the partial release of heteroaromatic, chlorido and carbonyl ligands; (ix) the crystal structure of the adduct formed between 2 and HEWL has been also solved. X-ray diffraction data prove the existence of a protein adduct containing a Ru(CO) or Ru(CO) 2 core.
